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Abstract:

The embedding microbial fuel cell (MFC) into constied wetlands (CW) to form
CW-MFC bears the potential to obtain bioelectri@tyd a clean environment. In this
study, a bibliometric analysis using VOSviewer lsthsa Web of Scienceéata was
conducted to provide an overview by tracing the eflgyment footprint of this
technology. The countries, institutions, authoes; terms, and keywords were tracked
and corresponding mapping was generated. From 2013eptember 2020, 442
authors from 129 organizations in 26 countries igheld 135 publications in 42

journals with total citation of 3,139 times weraifml. The key terms analysis showed
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four clusters: bioelectricity generation performanenechanism study, refractory
pollutants removal, and enhanced conventional ocontants removal. Further
research themes include exploring the biochemicapgrties of electrochemically
active bacteria; emerging contaminants remoyaffective bioelectricity harvest and
the use and biosensor development as well as scaling-upefa field application.

The bibliometric results provide valuable referen@nd information on potential

research directions for future studies.

Keywords: bibliometic analysis; bioelectricity generation; constructed wetland-

microbial fuel cell; VOSviewer; wastewater treatment
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1. Introduction

Energy shortage and environment pollution are Weegressing issues in the modern
society. Conventional environmental pollution gohtechnologies often require high
energy consuming and generate large carbon footpRecycling resources and
energy from wastewater has become a new trend amdtive in wastewater
treatment (Lam et al., 2020).

Microbial Fuel Cell (MFC) is a bioelectrochemicahstewater treatment system that
uses electrochemically active microorganisms tovednthe organic matters into
electrical energy. In the past a few decades, MBS Ibeen explored in various
wastewater treatment for simultaneous wastewataifigation and electricity
production (Slate et al., 2019). The efficiencyM¥C mostly depends on electrode
biological reaction, however, there are still grdahitations in its expanded
applications (Li et al.,, 2018b). It is believed ttlithe bioelectrochemical approach
combined with traditional wastewater treatment tetbgy can treat actual
wastewater more effectively.

Constructed wetlands (CWs) through mimic the naturtland environment as a
green wastewater treatment technology have beegiapmd for decades and applied
for various wastewater treatments worldwide (Zhuaatgal., 2019). Wastewater
purification is achieved including biological, chigad, and physical processes by
macrophyte plants, substrates, and mixed compleroariganisms in CWs. However,
CWs also have certain drawbacks, such as large dagdirement and substrate
clogging etc. Therefore, it is imperative to upgradWs with other technique for
achieving a better integrated technology (Wu et24l18). It seems a nature that CWs
could provide suitable condition for MFC since CVashdifferent aerobic (upper

section) and anaerobic zones (lower section) (Yastaal., 2012), which meet the
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requirement from principle of the MFC that a typid#C should consist of a cathode
and an anode compartments allocated in differedbxeconditions. Therefore,
embedding MFC into CW to form CW-MFC has been depetl(Yadav, 2010; Yadav

et al., 2012; Zhao et al., 2013). Yadav (2010) first time reported the infant CW-®IF
for treating synthetic dye wastewater under batohdttions in an international
conference. Subsequently, various studies have ¢aeied out involving the system
configurationgVillasenor et al., 2013; Doherty and Zhao, 2015; Xu et al., 2016; Xu et
al., 2018c) wastewater treatment (Barty et al., 2015b; Xie et al., 2018; Kumar and
Singh, 2020; Oon et al., 2020); enhancement of nutrients remoyBbus et al., 2015;
Yu et al., 2015; Molognoni et al., 2017; Corbella and Puigagut, 2018; Srivastava et al.,
2018; Corbella et al., 2019; Lust et al., 2020); bioenergy production (Camacho et al.,
2014; Xu et al., 2018c; Tang et al., 2019; Ge et al., 2020); the operation parameters
and environmental facto€orbella et al., 2015; Xu et al., 2017a; Yakar et al., 2018;
Tang et al., 2019; Yang et al., 2019; Wang et al., 2020c¢); electrodes materials (Wang et
al., 2016; Corbella and Puigagut, 2018); enhanced biodegradation and emerged
pollutant removalSong et al., 2018; Xie et al., 2018; Li et al., 2019b; Oon et al.,
2020) biosensor developme(orbella et al., 2016a; Xu et al., 2017b; Corbella et al.,
2019) and energy application and recovédyn et al., 2018a; Oon et al., 2020); as
well as greenhouse gas (GHG) contilal et al., 2017; Wang et al., 2019b; Zhang et
al., 2020). These reflect that the CW-MFC is boamimrecent years after its initial
development. In recent review papers of CW-MFCy&itava et al. (2020a) focused
on the electron transfer mechanism in electroasteands, and further summarized
the factors to affect the efficiency of electron vament and pollution removal.
Meanwhile, Wang et al. (2020b) discussed the mashenof the key roles within

CW-MFC for energy generation and pollutant remo&amilarly, Guadarrama-Perez
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et al. (2019) and Saba et al. (2019) also discudbed factors affecting the

bioelectricity production and wastewater treatmequch as materials (electrode
material, separators), configuration design (typé substrate and plant,

microorganisms), and operation conditions (aeratilow direction, electrode

distance), as well as rhizosphere microcosmos. Rarvargas et al. (2018) reviewed
the principles and the set-up methodology of mioblectrochemical technologies
(MET)-based CW applied in wastewater treatment. §\@nal. (2017c) reviewed the
pollutants removal enhancement and research direcof higher energy output of
the CW-MFC. These review papers comprehensivelynsamzed the latest progress
in various research aspects within CW-MFC. Howetlrex,overall research trends by

bibliometric analysis have not been reported.

The review based on the published literature aBdtMFC in the past 8 years (from
2012 to September 2020) using bibliometric analy&is conducted. Compared with
other reviews in CW-MFC, this review provides areowew of the development
footprint of this technology. It follows severalpgsts of: research direction which is
based on key terms analysis; author’s network which is according to authors/co-
authorship and institutions analysis; and the source of article and high cited article
analysis. The specific objectives of the reviewtaraddress three questions: (1) What
is the current scenario regarding CW-MFC publicggi@2) What are the key themes
of CW-MFC research? (3) Which are the possiblertutiirections of CW-MFC study

based on bibliometric analysis?
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2. Methodology

2.1 Data collection and preparation

Literature data collection of CW-MFC was conductiedm the Web of Science
database. The search process was divided into shegs. In the first step, the non-
standard terms of “Constructed wetland”, “Artificlaetland”, “Man-made wetland”,
“Treatment wetland”, “Engineered wetland” and “Rdestl” are used to refer to CW.
Similarly, the term of MFC was used as relationmiesuch as “Microbial fuel cell”,
“Electricity production”, and “Microbial electroch@cal technology”, to search. In
the ensuing step, terms, Boolean operators, arehfieses were used to create “TS=
("Constructed wetland" OR "Artificial wetland" ORMan-made wetland" OR
"Treatment wetland” OR "Engineered wetland”" OR '®Reeed")” and “TS=
("Microbial fuel cell” OR "Electricity production'OR "Microbial electrochemical
technology")” and then a search was conductetv@b of Science Core Collection
Databasewith defined time period from 2012 to Septembe2@0The year of 2012
was selected because the first journal paper ofNOMZ- was published (Yadav et al.,
2012). The resultant original data were then lichibgr “document types = research
articles or reviews” and “Languages = English”. @&mbining CW with MFC search
results, the total of 166 documents records wasidd. Then in the final step,
intensive reading was done while the redundantrretevant information of each
document (title and abstract and main body) wasrétl and removed. The screening
of documents was based on the principles of: 1) &perimental device meets the
CW-MFC configuration requirements, specifically wthe characteristics of the CWs
of substrate, plant and other elements; 2) The@aod cathode of the MFC must be

embedded in the CWs system. Therefore, 135 screpuedal publications were
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found to be sufficiently relevant. Finally, searcbsults were exported in Tab-
delimited (windows) format, which includes bibliagrhical information (author, title,
source, abstract) and cited references to furthtarpreted and visualized by the

bibliometric analysis software.

2.2 Data Analysis

Simple statistical analysis data, such as the nuwiygublications per year, document
types of the publications, and research categorypudilication, were performed
through Web of Scienceplatform. The download data bibliometric analysias
performed on VOSviewer software (version 1.6.15dée University, Netherlands).
Eck and Waltman (2010) developed this software fimotonstructing and visualizing
bibliometric networks of scientific publications.O&viewer mainly generated co-
occurrence networks maps which include key terntskayword co-occurrence, and
sources and citation network etc. The items aresgmted as a label and a circle or
frame in visualization, while their sizes are defieg on each term’s importance.
When performing co-occurrence analysis of the tetims synonymic single words,
and congeneric phrases should be re-labeling teeelbetter bibliometric analysis.
Based on the software manual, mapping was thenrgiedeafter adjusting parameters
in the program.

The key terms analysis processes of Colares €2@20) were followed with slight
adaption. In brief, the bibliometric data were impd into VOSviewer and the terms
would be extracted from the title and abstract reate a term co-occurrence map
based on text data. The binary counting was uselg Wte terms were set to recur at
least five times. These terms were further scre&asdd on 60% most relevant terms.

The most relevant terms have been manually seldcteekcluding repeated and
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irrelevant items, for example, "work", "use", "raseh", "addition” and "month". In
addition, the keywords terms of "CW, MFC, and CW-®IFwere also rule out to

eliminate interference.

3. Reaults

3.1 Current scenario regarding CW-MFC publication

After the screening process, the number of CW-MR@®lipations per year, and
research categories are illustrated in Fig. 1. Tésearch articles categories were
classified into four categories according to themuantent of the research. They are:
1) contaminants removal anblioenergy generation; 2) energy application; 3)
microbiology and 4) structure optimize. From the chronological disttibn of
publications, it can be seen that the publicatioluwme increased steadily by year. In
the infancy stage (2012-2014), only 9 papers werelighed including 1 review
paper. Yadav (2010) firstly proposed the CW-MFC aaption, and investigated the
removal of dye and COD and along with electricigngration in dye containing
synthetic wastewater in vertical subsurface flow -GANC while the first journal
paper was published in 2012 (Yadav et al., 2012yeAr later, Zhao et al. (2013)
realized the treatment of actual wastewater (swiastewater) by CW-MFC, which

achieved an average of 76.5 % COD removal and ®mA power density under

influent average COD concentration over 1000lmdhe type of CW in most CW-

MFC systems was vertical upflow as from theorydhede of the MFC should be in
anaerobic condition, which was buried near thedootof the CW to firstly contact
with the influent. Whether the horizontal subsuefdlow CW (HFCW) can be applied

in CW-MFC was a question at infant stage until shelies reported by Villasenor et
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al. (2013) and Camacho et al. (2014), respectivehg studied HFCW-MFC treating
synthetic wastewater. In the meantime, CW-MFC was applied to treat refractory
contaminant wastewater (Fang et al., 2013), whilmes scholars investigated the
impact of various structural and operating factmighe performance of the CW-MFC
system, such as macrophyt@siu et al., 2013; Corbella et al., 2014), cathode
materials (Liu et al., 2014), and hydraulic regi(@®rbella et al., 2014). In a review
of the intensified CW, CW-MFC was firstly mentionad an enhanced CW technique
for wastewater treatment (Wu et al., 2014). Sin6&52 the study on CW-MFC
seemed speeding up, while 25 publications weredan2018. Compared with the
infancy stage, more in-depth investigations wenenébin this stage. The roles of
plants, substrates, microbe, and their interaction€W-MFC have been evaluated
regarding power generation and purification efficig (Yakar et al., 2018;
Guadarramaerez et al., 2019; Ge et al., 2020; Wang et al., 2020a; Yang et al., 2020).
In addition, from the perspective of power generatand output, the materials and
conditions of the electrodes as well as the commeanhethod of MFC were also
studied(Doherty et al., 2015a; Corbella et al., 2016b; Wang et al., 2017b; Xu et al.,
2018d; Tang et al., 2019; Tamta et al., 2020).

[Fig. 1]
From the analysis considering the geographic distion of authors’ institution, 23
contributing countries were identified. The top 6anproductive countries presented
in Table 1 are China, Ireland, USA, India, and 8p&ach has a minimum of 10
documents published, while China has published ntbam half of total articles
(88/135). It should be noted that within our anslyeme frame (since 2012) India
(Yadav et al., 2012), Ireland (Zhao et al., 203)jna(Fang et al., 2013; Liu et al.,

2013), and Spain (Villasenor et al., 2013) areléagling countries to study the CW-

9
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MFC. On the other hand, although only 4 articlesenmiblished from Denmark, their
citations are as high as 290, while the averageiait per article is 72.5. The reason
lies in a review article (Wu et al., 2014), whiatntributed to 251 citations.

[Table 1]

3.2 Bibliometric visualization analysis

3.2.1 Key terms analysis

In order to better grasp the research areas anéney of CW-MFC, the analysis of
the key terms of the collected data (121 reseaapens excludes review articles) was
carried out using VOSviewer software. The generaseth co-occurrence network
map is illustrated in Fig. 2.
[Fig. 2]

As seen in Fig. 2, the color of the node represeamsierent cluster, while the size of
the circle reflected frequency. The terms can beddd and classified into four
clusters by software. In some cases, items aresmoin with the label in order to
avoid overlap in a circle. The color of clusterssisown in red, green, blue, and
yellow. In general, the terms in the red clustee amainly about the studies of
bioelectricity generation performance of CW-MFC eT¢entral term in red cluster is
the coulomb efficiency. The closely related termaude "bioelectricity”, "electrode
spaces”, "energy recovery", "graphite”, "closeduit, and "open circuit", as well as
"domestic wastewater" etc. The green terms in sectrster are more related to the
mechanism studies of the CW-MFC. The most frequetecyn in this cluster is
"relative abundance"”, such as "electrode materidifiacrophyte”, "microbial
community”, "geobacter”, and "microcosm". The blci@ster constituted to the

removal of refractory pollutants which is an import application of CW-MFC. For
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example, some items from this group included "azge"d "decolorization",
"sulfamethoxazole”, "antibiotic resistance genexd &abundance". Lastly, the yellow
cluster focuses more on removal performance of eotional contaminants, where
the terms such as "nitrogen removal”, "total phosps', "total nitrogen”, and
"pollutant removal”, as well as "carbon source" avased. Overall, the presence of
these four clusters reveals the main CW-MFC ongoiegparch aspects that are

currently conducting in global level.

3.2.2 Analysis of authors and research collabonagio

Tracking articles from leading authors and/or gigpan important way to quickly
understand the frontiers in this field. Based oe thibliometric analysis, some
research groups are most productive in the fieid. (B). The group lead by Prof.
Yagian Zhao (with team members of Dr. Liam Doheatyd Dr. Lei Xu, etc.)

developed an alum sludge-based CW-MFC (Zhao eR@l3). From this system, a
series of studies have been carried out on impgotiie contaminants purification
(Doherty et al., 2015b; Xu et al., 2018d); bioewyeggneration capacity (Doherty and
Zhao, 2015; Xu et al., 2016; Xu et al., 2018b; Tahg@l., 2019), and the application
of electrical energy (Xu et al.,, 2017b). The grdepd by Prof. Hailiang Song

(Nanjing Normal University, China) and Prof. Xiangi Li (Southeast University,

Nanjing, China) published a large number of papérkh are focused on the use of
CW-MFC to remove biorefractory pollutants, suchaa® dye (Fang et al., 2013,
2015), tetracycline, sulfamethoxazole and sulfadefZhang et al., 2016; Song et
al., 2018), and bisphenol A and ibuprofen (Li et 2019b). In this research direction,
the group of Soon An Ong from Malaysia also puldislseveral research articles in

recent years (Oon et al., 2018b; Oon et al., 20R0)esearch group led by Prof.
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Sinshan Song from China is also active in CW-MF&stigation with wide range of
aspects in CW-MFC development (Fig. 3). In additithve rest of the organizations of
the clusters are from India, Malaysia, Spain, ank&y (see Table 1).

[Fig. 3]

The author’s collaborations analysis indicates thatgroups lead by Prof. Y.Q. Zhao,
Prof. H.L. Song, and also a group of the CSIR tas#j India (lead by Prof. A.K.
Yadav) are the typically continuous research grotlose groups initiated earliest
study on CW-MFC and continued this direction ofastrgation till now, while the
number of publication is also considerable. Somensists have conducted a study on
CW-MFC in a certain short period, such as Lu et(2015), Wu et al. (2015) and
Khalfbadam et al. (2016). Their research has eaddhe diversity of CW-MFC, but
no further studies were reported. In fact, sevethér emerging groups are working
on this field. For instance, the research groupnfi®handong Normal University,
China (under leadership by Prof. Q. Kong), has isbbd several studies on the
pollutant removal, microbial community structuredamsistance gene shift in CW-
MFC in last three years (Xu et al., 2018a; Xu et 2019; Wang et al., 2020a). In
addition, as shown in Fig. 1, the number of arigiblished each year is rising
rapidly, and the research direction is also moxerdie. Furthermore, over the time,
cross-group communication became popular. Prof. ¥Itao collaborated with a few
organizations in China (such as Changan Universibd Xi'an University of
Technology) (Doterty et al., 2015a; Tang et al120 Recent publications show that
Prof. A.K. Yadav (from India) has cooperation wibdr. R. Abbassi and Dr. P.
Srivastava from different research institutionsAastralia (Srivastava et al., 2019;

Srivastava et al.,, 2020a; Srivastava et al., 202Qb)erall, the research groups

12
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working on CW-MFC study show a trend of increasargl diversification, but the
cooperation of authors between different institagi@nd countries needs to be further

improved.

3.2.3 Source and citation analysis

The 135 articles are derived from 42 journals. @S¥xiewer, the article sources can
be seen as an item to analyse citation and theyenerate a network visualization
map of article sources and citations (Fig. 4). @lstance between each journal in the
visualization indicates the relevance of the jouinaerms of related citation links,
while the thickness of the line represents the $itikngth Bioresource Technologa
comprehensive journal for environmental sciencearatgy, was the most productive
journal with 25 records. It was followed I8cience of the Total Environmemind
Chemical Engineering Journand thenEcological Engineeringvith 19, 12, and 8,
respectively. Apart from these comprehensive jostrnsome journals focusing on
electrochemistry and applied microbiology are désmmred by authors. For example,
Bioelectrochemistry,Biomass & Bioenergy Biosensors & Bioelectronigsand
International Microbiology International Biodeterioration & BiodegradationThe
extensiveness of the source of the article shows tihe study about CW-MFC
involves the intersection of multiple disciplin€ghis complex system is worthy of
larger and deeper exploration.

[Fig. 4]
The 10 most cited research articles were listedable 2. In this study, the 135
documents create 3,139 citations that include 128#citations, and the overall
average citations per item are 23.25.

As shown in the Table 2, the published time of highted articles concentrated on
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2012 to 2015, it is indicated that these studiesngered the diverse research
directions of CW-MFC. For example, Yadav et al.}2Dfirstly proposed the concept
of CW-MFC, Villasenor et al. (2013) successfullynstructed HFCW-MFC, and
Zhao et al. (2013) developed an alum sludge-bas®eME-C, while Lu et al. (2015)
discussed the effects of plants and operationegfied on electricity production from
the perspective of microbial community structure.addition to these studies, other
highly cited research articles have also been basethe optimization operation
strategy and improvement structural of CW-MFC tdarce the performance of
wastewater treatment and electricity generatiomg@Fet al., 2013; Liu et al., 2013;
Liu et al., 2014; Doherty et al., 2015b; Fang et2015; Xu et al., 2018a).

[Table 2]
By analysing the source of the highly cited artiatewas found thaBioresource
Technologyand Chemical Engineering Journalccupied three articles, respectively.
Other journals includécological EngineeringWater Researchand Biosensors &
Bioelectronicsas well asinternational Journal of Photoenergyhese journals have
high CiteScore and Impact Factor. It suggested tbs¢archers seem to consider
publishing articles in high-quality journals to prote this field for rapid development

if their study results have groundbreaking findings

4. Discussion

4.1 Evolution and major applications of CW-MFC

To date, the review of CW-MFC is comprised of aakaif 135 publications (121
articles and 14 reviews) by 442 authors affiliatedh 129 organizations in 26

countries, which were published among 42 journat @ted 3,139 times. Based on
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the above bibliometric analysis, the roadmap towatte evolution of CW-MFC
studies has been summarized and shows in Fig.&fiiidt traceable research article
of CW-MFC was published in the 2010 by Yadav (201jt this concept was not
created out of thin air. The discovery of usingtbaa to generate bioelectrical energy
from biomass has been over 100 years (Potter anteMVa911). A typical MFC
consists of cathode and anode compartments thak toebe allocated in different
redox (aerobic and anaerobic) conditions. This xedandition in natural wetlands
has widely existed. For example, Strik et al. (200&sented the principle of plant-
MFC to convert solar energy into green electricBmilarly, sediment-CW was
developed for simultaneous production of renewarlergy and bioremediation of
contaminants (Rezaei et al., 2007). CW has difteesrobic and anaerobic zones
which are suitable for form CW-MFC system (Yada0l@). Therefore, CW-MFC
systems have been developed, and then deeply dttatidioelectricity production
and wastewater treatment.
[Fig. 5]

From the perspective of the CW-MFC study towardgdaapplication, purification of
environmental contaminants and optimization of l@ceicity production are the two
main aspects (Fig. 5). Although scholars adoptetthgfic wastewater containing
specific pollutions to investigate the performaontgollutants removal (Yadav et al.,
2012; Fang et al., 2013; Liu et al., 2013; Wanglet2019c; Oon et al., 2020), some
complex actual wastewater, such as domestic wastew&orbella et al., 2014;
Oodally et al., 2019), swine wastewater (Zhao et2013; Doherty et al., 2015b),
saline wastewater (Xu et al., 2019) and reverseos®1(RO) concentrate (Das et al.,
2019) have also been studied. Guadarrama-Perdz @049) summarized that the

COD removal rate is between 80 % and 95 % in aimoots flow mode in CW-
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MFC. The nitrogen and phosphorus removal efficielwfy75 % and 86 % are
achieved, respectively, in multi-stage hybrid CW-®I15ystems (Doherty et al.,
2015b). On the other hand, CW-MFC could effectivieBat wastewater containing
biorefractory contaminants, such as antibiotic, fasuethoxazole as well as
pharmaceutical and personal care products (PPCPs) &l., 2018a; Xie et al., 2018;
Li et al., 2019b; Li et al., 2020). For instance.ek al. (2020) investigated the PPCP
metabolic process and antibiotic resistance geAB${ accumulation characteristic
under different circuit operation conditions anddtaulic retention time in the
treatment of pharmaceutical wastewater by CW-MRGshbuld be noted that the
driver behind it lies in the unique bioelectrocheahisystem to stimulate microbial
metabolism and enrich electrochemically active obal communities (Ji et al.,
2020). Wang et al. (2020b) pointed out that sdveemtrochemical mechanisms may
play a decisive role for enhance wastewater treattnfier example, the electron flow
and electric field present in anode and cathodeeNeeless, it has been accepted that
the integration of MFC into CW could enhance palhis removal efficiency by 27-
49 % for COD (Srivastava et al., 2015), making @ to be a compact while an
intensive wastewater treatment facility to consaiddy compensate its drawback of

large land requirement.

The maximum power density (MPD) is an importantapagter of bioelectrochemical
system. However, the MPD of CW-MFC tends to beldwant most pure MFCs’
values. Wang et al. (2017c) compared the powerityedmstween pure MFC and CW-
MFC through a figure, and indicated that the lattexs lower in 2—-3 orders of
magnitude. The main reasons for this significarftedknce are largely internal

resistance and electrode potential loss with CW-MIF&hg et al., 2019). In order to
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obtain a higher power density, some optimizatiomtsegies have been proposed.
Studies on electrode materials (Wang et al., 20léng et al., 2017b; Sudirjo et al.,
2019), electrode spacing (Doherty et al., 2015apgFat al., 2017a), electrode
modification (Shen et al.,, 2018; Wang et al., 2Q19dectrode conditions and
connection (Xu et al., 2017a; Xu et al., 2018d; ¥aral., 2018; Tang et al., 2019;
Yang et al., 2019), and separators (Xu et al., 2D&8ect on bioelectricity production
capacity have been intensively conducted in regeats. In addition, roles of plants
(Oon et al., 2017; Saz et al., 2018; Oodally et2019; Liu et al., 2020; Yang et al.,
2020), substrates (Xu et al., 2016; Fang et all,7Bp Yakar et al., 2018; Li et al.,
2019a), and microbe communities (Treesubsuntoml.e2019; Treesubsuntorn and
Thiravetyan, 2020) in CW-MFC were also investigate@ comparison basis. Solids
conclusion cannot be reached so far, but it isylike state that the wetland plants
play an important role regarding electricity gemiera in CW-MFC (Yang et al.,
2020). Overall, due to the fact that CW-MFC is awnend complex
bioelectrochemical system, which involves the ptslsi chemical, biological,
electrochemical and their interactions, the pertotoe would be affected by the
configurations of the system, the operation pararsetind environmental factors. To
this end, more multidisciplinary studies and in&tional collaborations to narrowing

the gap of knowledge are desirable.

4.2 Prospects and further research directions

To explore the latest research interesting, an lapevisualization map to co-
occurrence analysis was done according to autkessvords using VOSviewer (Fig.
6). The different colour indicates the average albibn year of the documents in

which a keyword represented. The yellow, orangel 1@a represent the last three
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years situation. It can be seen that many emeiaitigors’ keywords are scattered in
graphics. Combined with the previous bibliometrisualization analysis about key
terms (which were extracted from the titles andralots of the articles) and authors’
collaborations, it is more comprehensively to ustierd the prospects and further
research directions on CW-MFC. It should be poimed that the analysis of key
terms is to show the research area and tendencile \ahalysis of keywords

represents the authors’ research interesting.

As shown in Fig. 6, the studies on the structurd &mction of the microbial
community to the performance of the CW-MFC systemthe latest interest (Slate et
al., 2019; Li et al., 2020; Treesubsuntorn and aretyan, 2020; Wang et al., 2020a).
In addition, from Fig. 2, the study on the mechani®f CW-MFC is most
concentrated on the microbial community. The etettemically active bacteria
(EAB) on the anode converting the organic mattegémerate electrons feand
protons (H) are the key factor in bioelectrochemical reactitm make the CW-MFC
work. It is undoubted that the electron transféiceincy is the key to determining the
overall performance of the system. The mechanismsicroorganisms transfer
electrons to the electrode have largely relied acrabial species. The EAB could
work though the direct extracellular electron tfans(DEET) or mediated
extracellular electron transfer (MEET) to transééctrons (Doyle and Marsili, 2015),
while non-EAB may provide small molecular metalesisubstances to EAB (Wang
et al., 2020b). However, significant gaps are siisted for understanding the
interactions and shifting EAB and other microbianununities, especially, the
mechanism of microorganism electrode electron tesnseactions in different

microbe species, and its role in pollutant remaral electricity generation (Kumar et
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427 al., 2017; Wang et al., 2017a; Xu et al., 2018aetLal., 2019b; Rathour et al., 2019;
428 Srivastava et al., 2020a). With the advancemebiarholecular technology, this field

429  will be further expanded.

430 Furthermore, GHG control is a controversial hotapatonventional CW (Mander et
431 al.,, 2014), the GHG emissions from integrated CWeM$ystems are also worth
432 discussing. To date, little information about tas found (Wang et al., 2019b;
433 Zhang et al., 2020). Wang et al. (2019b) investidahe influence of CHand NO
434 emissions from CW-MFC and showed that MFC obvioustgduced the GHG
435 emission from CW, but the performance was signifilarelated to various factors,
436 such as external resistance, organic loading, aasosial variations. Similarly, Zhang
437 et al. (2020) found that MFC could control the Leimissions from CWs. The
438 distinctive microbial populations and biochemicabgesses are possible mechanisms
439 of reducing GHG emissions. Considering the funaiqguositioning of CW-MFC, if
440 energy can be recovered while reducing GHG emissi@nis an encouraging
441 prospect, but this requires more research to prove.

442 [Fig. 6]
443

444 On the other hand, as an evolving technology, CWCMgomes from a clever
445 combination of the CW and MFC. Therefore, when pmtaty further research
446 directions, it is recommended to review its pargydétem. The diagram in Fig. 2
447 shows the study on power generation performance amvhnced wastewater
448 treatment capabilities in CW-MFC. CW has been widgdplied for half a century to
449 provide an ecological process and to purify contemis (Wu et al., 2018). At
450 present, numerous studies have focused on the design configuration, operational

451 strategies, and contaminants removal mechanisn@f Similarly, the CW-MFC
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employed to remove pollutants should also haves#éimee trends. This mainly include:
(a) enhancing the conventional contaminants (COD,PNremoval efficiency by
optimization operational strategies (Bolton and ddin 2019; Wang et al., 2019d;
Kumar and Singh, 2020; Srivastava et al., 2020lg; taal., 2020); (b) targeting on
the removal biorefractory and emerging pollutaAis. mentioned above, H.L. Song’s
research group is deeply studying in this aspegtinfegrating CW-MFC with other
treatment technologies, such as anaerobic reactansd filtration system, and
membrane bio-reactor to achieve enhanced treatafaency (Zhang et al., 2018;
Bolton and Randall, 2019); (d) reducing the landtfpoint of CW-MFC by novel

tiered/stacked wetland system (Xu et al., 2017@r€&aet al., 2019).

In MFC, the electrode materials and structural igumétions are two main research
directions (Slate et al., 2019). Many scholars haweed their attentions to the
electrode materials and the optimization structutesachieve maximizing the
bioelectricity generation in CW-MFC. Detailed dission about these studies has
been presented in section 4.1. Furthermore, atierirgy higher MPD, one of the
major issues that should be considered is how teeBand use generated energy. It
is difficult to directly use the bioelectricity farommercial purpose at current stage,
while the power densities in CW-MFC are far belowegpMFC. However, this does
not hinder the exploring of the use of the limifgalver output from CW-MFC, such
as electro-coagulation. Obviously, biosensor deuwalent is a more promising
research point, actually, over 150 research asti@dbout biosensor have been
published in pure MFC (Md Khudzari et al., 2018}l only three articles in CW-

MFC (Corbella et al., 2016a; Xu et al., 2017b; @lebet al., 2019).

On the other hand, as regards the practice appincat should be emphasized the
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issue of CW-MFC scaling-up. Unlike CW, which hasbavidely applied with large
number of field scale applications worldwide, theerent CW-MFC system is in pilot-
scale and lab-scale stage (Srivastava et al., 20@@h et al., 2020; Xu et al., 2020).
The main challenges are how to improve power dessitnd generate more available
electricity in real-scale CW-MFC. There are manygtdas to affect it, but the
followings may be among the reasons. They are tige internal resistance of a CW-
MFC (Doherty et al., 2015a), the insufficient etesal contact between EAB and
anode (Xu et al.,, 2019), competition among EAB amh-EAB for electrons or
nutrients (Oon et al., 2015), and the excessivertirof heterotrophic bacteria around
cathode (Xu et al., 2016; Tang et al., 2019), dé agethe design of the circuits which
include the inherent limitations of substrates atectrode materials, the number,
shape and position of electrodes (Wang et al., R02@oreover, maintaining long-
term performance is also a major issue for CW-MFR&lisg-up due to the
deterioration in performance of electrodes, esplgcaectrode fouling (Xu et al.,
2017c). Therefore, more attention should be pakefdore the relationships between

electrons travel efficiency and the design of etat#s and circuits in CW-MFC.

Overall, based on bibliometric visualization anaystudy on CW-MFC shows a
diversified development trend. Due to the naturat t&€W-MFC combines the
characteristics of CW and MFC, the most researalections should be the
superposition of these two technics. Fortunatélig platform is in its infancy stage,

its uniqueness will be gradually uncovered withevathd deep studies.

4.3 Contributions and limitations of the current review

Bibliometric analysis is a useful tool, which caveal the internal links of published
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documents, opening a new angle for us to oversesgécific research topic. It allows
us to assess the prevalence and tendency of or@fispesearch in multiple
dimension manner. According to the analysis ofkég terms, four research themes
in CW-MFC have been identified, while the most giolauthors and cited research
articles have been analysed, which can help thespgeetrack the frontiers in this
field. In addition, the analysis of the publishedickes’ basic growth trends,
keywords, categories, journals, the roadmap towdhngs evolution of CW-MFC
studies have been outlined. Therefore, some rdsehirections are proposed which

might be potential hot topics for future studies.

By searching terms related to CW-MFC within docutaekeywords, title, abstract,
and authors to retrieve literature data in Web of Sciencplatform, the results may
still miss some articles. For example, some relatedies might use different terms
(e.g. electro-wetland), and may not be includedhis database. In addition, the
collected data would be further screening and riilte to obtain more related
information, however, a high degree of subjectivatyists in this process. Further
studies can use multiple databases to search anpace to obtain more accurate and
scientific literature data. When screening andeffiitg search results, independent

work among multiple authors may be recommended.

5. Conclusions

This study first time used VOSviewer software tmaoct a bibliometric analysis of
collection literature data about CW-MFC. Accorditg the increasing number of
publications and wide range of authors’ affiliasorthe CW-MFC studies show a

diversification trend. Studies on bioelectricityngeation performance, mechanism of
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the system and its inherent electron-bacteria comiyyuremoval of refractory
pollutants, and enhanced removal of conventionalasninants are currently the main
research themes. The most productive authors aedneh groups include Prof. Y.Q.
Zhao, Prof. H.L. Song, and Prof. A.K. Yadav, éioresource Technologg most
favoured journal by authors. Thought this, the mapg towards the evolution of CW-
MFC studies has been outlined. The topics of thehaisms of contaminants
purification and bioelectricity production chemystr closely linked with
electrochemically active bacteria, GHG emissionstrab, and the performance of
emerging contaminants removal, as well as higlciefiicy harvest and the use of

generated bioelectricity would be further reseaticactions in CW-MFC.
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Figure Captions:

Fig. 1 The number of publications per year andaesecategories in CW-MFC

Fig. 2 Key terms occurrences network visualizatiap in CW-MFC. (A) Red cluster
most related to bioelectricity generation perforecegr(B) Green cluster related to the
mechanism studies; (C) Blue cluster related ta¢heoval of refractory pollutants;
(D) Yellow cluster focuses more on removal perfonceof conventional

contaminants

Fig. 3 The map of co-authorship overlap visual@ain CW-MFC studies for the

period 2012-2020

Fig. 4 Article sources and citation network vismation map in CW-MFC.

Fig. 5 Roadmap for the evolution of CW-MFC studies

Fig. 6 Keywords co-occurrence overlap visualizatiwayp in CW-MFC
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Table 1

The top 10 most productive countries in CW-MFC gtud

Country Documents Citations A'ver'age
Citations
1 China 88 2032 23.09
2 Ireland 18 713 39.61
3 USA 15 507 33.8
4 India 10 262 26.2
S Spain 13 299 23
6 Malaysia 7 208 29.71
7 Australia 7 48 6.86
8 Denmark 4 290 72.5
9 Thailand 3 34 11.33
10 Turkey 3 48 16
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Table 2
The top 10 cited research articles in CW-MFC study

Corresponding

Title Year Frist Author author Frist Affiliation Country Journal Cited Ref.
Performance assessment of innovative constructed CSIR-Institute of .

1 wetland-microbial fuel cell for electricity 2012 Ku?ns;re\?:gav AsheYeas;aI:umar Minerals and Materials  India EEnC?anegel(r:i?wl 137 (Ylag%\ize t
production and dye removal Technology 9 9 al., )
Performance of microbial fuel cell coupled Bioresource (Fang et

2 constructed wetland system for decolorization of 2013 Zhou Fang Xianning Li Southeast University r@hi 133

; 7 i Technology al., 2013)
azo dye and bioelectricity generation ’
Microbial community structure accompanied with . : . .

3 electricity production in a constructed wetland 2015 Lu, Lu Zhiyong Jason  University of Colorado USA Bioresource 106 (Luetal,

; . Ren Boulder Technology 2015)
plant microbial fuel cell
Preliminary investigation of constructed wetland . . :
4 incorporating microbial fuel cell: Batch and 2013  Yagian Zhao Yagian Zhao Unlversny.CoIIege Ireland .Che.rmcal 102 (Zhao et
. . Dublin Engineering Journal al., 2013)
continuous flow trials 1
Operation of a horizontal subsurface flow Jose Jose University of Castilla-La (Villasenor
5 constructed wetland - Microbial fuel cell treating 2013 ' - . . y Spain Water Research 101 etal,
. ! . Villasefior Villasefior Mancha
wastewater under different organic loading rates 2013)
Electricity production from Azo dye wastewater (
using a microbial fuel cell coupled constructed A : . . : Biosensors & Fang et

6 wetland operating under different operating 2015 Zhou Fang Xianning Li Southeast University rehi Bioelectronics 99 al., 2015)
conditions
Nutrient and organics removal from swine slurry (Doherty

7 with simultaneous electricity generation in an 2015  Liam Doherty Yagian Zhao Unlversny_CoIIege reland _Che_rmcal 94 etal.,
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Power Generation Enhancement by Utilizing Plant International (Liu et al
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Highlights

First time bibliometric analysis of CW-MFC was conducted.

Four clusters including bacteria community and refractory pollutants removal were
identified.

Leading groups of CW-MFC study were identified.

Bioresource Technology is most favoured journal by authors for publishing CW-MFC
studies.

Electrochemical -bacteria chemistry, effective el ectricity harvest & use are further study
needs.
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